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ABSTRACT

Oligosaccharides on proteins and lipids play central roles in human
health and disease. The molecular analysis of glycoconjugate
function has benefited tremendously from new methods for their
chemical synthesis, which provides homogeneous material not
attainable from biosynthetic systems. Still, glycoconjugate synthesis
requires the manipulation of multiple stereocenters and protecting
groups and remains the domain of a few expert laboratories around
the world. This Account summarizes chemoselective approaches
for assembling homogeneous glycoconjugates that attempt to
reduce the barriers to their synthesis. The objective of these
methods is to make glycoconjugate synthesis accessible to a
broader community, thereby accelerating progress in glycobiology.

Introduction

Oligosaccharides on proteins provide a mechanism to
modulate their behavior in a complex multicellular envi-
ronment.! The glycosylation of proteins directs protein
folding, endows conformational stability, bestows resis-
tance to proteolytic degradation, regulates the protein’s
serum half-life, and provides unique epitopes for molec-
ular recognition. The effects of protein glycosylation are
manifested in many physiological events such as cell—
cell communication and cell growth and differentiation,
as well as viral infection. Interestingly, aberrant glycosy-
lation of proteins or lipids has often been correlated with
specific disease states. This has motivated the develop-
ment of therapeutic agents designed to interfere with
carbohydrate biosynthesis or molecular recognition? and
the development of carbohydrate-based anticancer vac-
cines.®

Despite the significance of glycoconjugates in physiol-
ogy and medicine, there remain substantial gaps in our
appreciation of glycobiology at the molecular level, espe-
cially when compared to our knowledge of protein and

Howard C. Hang was born in Saigon, Vietnam, in 1976. He received his B.S.
degree in chemistry from the University of California, Santa Cruz, where he worked
with Prof. Joseph P. Konopelski. He is currently pursuing a Ph.D. degree in
chemistry at the University of California, Berkeley.

Carolyn R. Bertozzi was born in Boston, Massachusetts, in 1966. She received
her undergraduate degree in chemistry from Harvard University and her Ph.D.
in chemistry from the University of California, Berkeley, working with Prof. Mark
Bernarski. After a postdoctoral stint with Prof. Steven Rosen at the University of
California, San Francisco, she joined the faculty of the University of California,
Berkeley, in 1996. Her research interests focus on applications of chemistry to
biological problems.

10.1021/ar9901570 CCC: $20.00
Published on Web 07/21/2001

[J 2001 American Chemical Society

nucleic acid-mediated processes. This discrepancy in
knowledge stems from the complex nature of oligosac-
charides as branched biopolymers connected through
glycosidic linkages of variable stereochemistry. To com-
plicate matters even further, the microheterogeneity of
oligosaccharide structures on a protein or lipid yields an
ensemble of glycoconjugates differing only in their glycan
structure.* While the structural diversity of glycoconjugates
is ideal for encoding information from cells, these un-
wieldy properties of glycoconjugates have challenged
existing analytical techniques for separation and purifica-
tion, restricting access to sufficient quantities of homo-
geneous material for structural and functional analysis.

Unlike the biosynthesis of nucleic acids and proteins,
oligosaccharide biosynthesis is neither template-driven
nor under direct transcriptional control, precluding direct
access to homogeneous material by recombinant DNA
technology. The overexpression of recombinant glycopro-
teins has been the primary means of obtaining material
for fundamental research and pharmaceutical therapeu-
tics. However, glycoproteins obtained from recombinant
overexpression are heterogeneous and organism-depend-
ent, complicating the analysis of their structural and
biological properties.® Genetic engineering of host organ-
isms has allowed the production of glycoproteins with
more defined glycan structures by addition or deletion of
glycosyltransferases.® Unfortunately, these genetically en-
gineered systems still afford heterogeneous glycoproteins.

In principle, total chemical synthesis could provide
well-defined and homogeneous glycoproteins. While tre-
mendous advances have been made in oligosaccharide’
and glycopeptide® syntheses, they remain labor-intensive,
requiring extensive protecting group manipulations for
regio- and stereoselective glycosylations, and are still far
from routine. The technical challenges are further exac-
erbated by the protecting group demands of solid-phase
synthesis of the peptide component (SPPS). As a testament
to the power of organic synthesis, a few groups have
completed the total syntheses of some impressive N-
linked® and O-linked!® glycopeptides (Figure 1 shows
prototypical N-linked and O-linked oligosaccharides).
Enzymatic synthesis presents a means of circumventing
the protecting group demands of chemical methods for
the construction of large glycoproteins.!! At present, costly
nucleotide—monosaccharide donors and the lack of a
complete repertoire of glycosidases and glycosyltrans-
ferases available commercially still limit this strategy.*?
Nonetheless, the combination of synthetic and enzymatic
techniques has produced glycoprotein fragments of con-
siderable complexity.'® Thus, the prospect of glycoprotein
total synthesis remains a possibility only in the laborato-
ries of a handful of experts.

To facilitate glycobiology research within laboratories
lacking such expertise, new methods are required that
involve general and even automated procedures. In
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contrast to nucleic acid and peptide synthesis, which have
been automated for decades, automation of oligosaccha-
ride synthesis has only recently been addressed. Break-
through technologies such as “programmable one-pot
oligosaccharide synthesis” ** and automated solid-phase
oligosaccharide synthesis!® promise to increase the avail-
ability of large oligosaccharides for structural and func-
tional evaluation. The integration of these structures, soon
to be available to any biologist or chemist, into full-length
glycoproteins remains the next major synthetic challenge.
Herein, we review applications of the principle of chemose-
lective ligation for the convergent assembly of glycopep-
tides and glycoproteins. Other approaches to the synthesis
of glycopeptide mimetics'® and neoglycoconjugates!’ have
been reviewed elsewhere and will not be discussed.

Chemoselective Ligation Reactions

Chemoselective ligation reactions were first described by
protein chemists as the coupling of two mutually and
uniquely reactive functional groups in an aqueous envi-
ronment. As the name of the technique implies, these
uniquely reactive functional groups are selective for each
other and also tolerate a diverse array of other functional-
ity, which renders the use of protecting groups unneces-
sary.'® Chemoselective ligation reactions thus offer ad-
vantages similar to those of enzymatic reactions, with the
potential of a much broader range of substrates for use
as coupling partners. A survey of known chemical reac-
tions yields several that fulfill the criteria for a chemose-
lective ligation reaction (Figure 2). The absence of alde-
hydes and ketones on the side chains of the naturally
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occurring amino acids renders them privileged electro-
philes that can react with a variety of nucleophiles. For
example, aldehydes and ketones react with hydrazides to
form N-acyl hydrazones (Figure 2A), with aminooxy
groups to yield oximes (Figure 2B), and with thiosemi-
carbazides to give the corresponding thiosemicarbazones
(Figure 2C). The superior nucleophilicity of sulfhydryl
groups has been exploited for selective alkylation with
o-halocarbonyl electrophiles, even in the presence of other
proteinaceous nucleophiles (Figure 2D). Such alkylations
of cysteine side chains have been widely used for site-
specific protein labeling. In addition, peptide C-terminal
thiocarboxylates can be selectively ligated in the presence
of cysteine residues due the pK, difference of the thio-
carboxylic acid (pK, ~ 3) and sulfhydryl group (pK, ~ 8).1°

Aldehydes can also react with g-amino thiols or alco-
hols to form thiazolidines and oxazolidines, respectively.?°
Tam and co-workers have exploited this reactivity to ligate
C-terminal glycol aldehyde ester peptides with peptides
bearing N-terminal cysteine or serine/threonine residues;
the intermediate thiazolidines or oxazolidines then rear-
range to generate proteins with pseudoproline linkages
(Figure 2E).?* In addition, this group has developed a
Pictet—Spengler ligation, which involves the reaction of a
C-terminal glycine aldehyde peptide with an N-terminal
tryptophan (Trp) peptide to generate an unnatural tet-
rahydro-gS-carboline linkage (Figure 2F).?? These reactions
have found widespread use in the convergent assembly
of peptide fragments to make larger proteins bearing
unnatural internal linkages at the ligation site. While such
orthogonal ligation strategies have enabled the assembly
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FIGURE 2. Chemoselective ligation reactions used in the convergent
assembly of biopolymers and their mimetics, and in the modification
of biopolymers and cells. The products of the reactions are (A) N-acyl
hydrazones, (B) oxime ethers, (C) thiosemicarbazones, (D) thioethers,
(E) pseudoproline linkages, (F) tetrahydro-3-carbolines, (G) native
amide bonds after reduction of disulfide bonds, (H) native amide
bonds, (I) amide phosphine oxide, and (J) simple amide bonds.

of larger peptides or proteins, the introduction of non-
native linkages into these biomolecules could potentially
perturb their structure and function.

The desire to generate proteins with native amide
bonds by a chemoselective ligation reaction inspired
Kemp and co-workers to develop the “thiol capture”
ligation of C-terminal 4-mercaptodibenzofuran peptides
with N-terminal Cys-Scm (Scm = SCOOMe) peptides
(Figure 2G).%® This methodology allowed the coupling of

small peptides that formed native amide bonds at the
ligation site following reduction of the disulfide bond. The
subsequent development of “native chemical ligation”
simultaneously by Kent and Tam and their co-workers
provided a more general approach for coupling unpro-
tected peptides bearing C-terminal thioesters with un-
protected peptides bearing N-terminal Cys to yield native
amide bonds at the ligation site (Figure 2H, vide infra).?*
More recently, Raines and van der Donk and their co-
workers have extended native chemical ligation to include
the use of selenocysteine (Figure 2H).?> The increased
nucleophilicity of RSe™ versus RS~ and differences in the
pKa values of selenols versus thiols allowed selenocysteine
ligations to occur at pH 5 rather than pH 8. These
differences in reactivity should also provide chemoselec-
tivity for the alkylation of selenols versus thiols. The
introduction of selenium into proteins also provides a
77Se probe for NMR spectroscopy as well as a heavy atom
for phasing in X-ray structure determination of proteins.

SKnthesis of Glycopeptide Mimetics Using
Chemoselective Ligation Reactions

Chemoselective ligation reactions present an attractive
means for assembling glycopeptide mimics by the con-
vergent coupling of unprotected oligosaccharide ana-
logues with cognate functionalized peptides. Several
groups have exploited the unique reactivity of cysteine
residues to chemoselectively ligate a-haloacetamido (Fig-
ure 3A)?¢ or bromoethyl glycosides (Figure 3B),?” generat-
ing glycopeptide mimetics with non-native sugar—peptide
linkages. An alternative approach reported by Boons?® and
Davis?® utilized the sulfhydryl group on the side chain of
cysteine residues to form a disulfide bond to the carbo-
hydrate fragment (Figure 3C). If no other thiols or disulfide
bonds are present in the protein, these strategies permit
the site-specific attachment of glycans.

To create orthogonal coupling partners that do not
cross-react with native functionality present on proteins,
we have utilized a ketone electrophile on an unnatural
amino acid side chain that reacts with oligosaccharides
bearing aminooxy, hydrazide, or thiosemicarbazide nu-
cleophiles at the anomeric position. Using these chemose-
lective coupling partners, we have assembled O-linked
(Figure 4A) and N-linked (Figure 4B) glycoprotein mimet-
ics from unprotected oligosaccharides and peptides.*° The
non-native sugar—peptide linkages embodied in these
structures might negatively impact biologically relevant
structural elements, and therefore functional activity. In
one functional study, however, an oxime-linked analogue
of the antimicrobial peptide drosocin demonstrated activ-
ity comparable to that of native glycosylated drosocin.3!
In a similar approach, with the reversal of electrophile and
nucleophile, Mutter and co-workers stereoselectively
coupled carbohydrates with free-reducing ends onto
peptides with N-methyl aminooxy side chains to pro-
duce 8-N-linked glycopeptide mimics (Figure 4C).%? The
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FIGURE 3. Chemoselective modification of cysteine side chains in the assembly of glycopeptide mimetics. (A) Alkylation of cysteine with
o-haloacetamido sugars. (B) Alkylation of cysteine with bromoethyl glycosides. (C) Disulfide bond formation with thioglycosides.
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FIGURE 4. Assembly of glycopeptide mimetics by chemoselective reaction of aldehydes and ketones. (A) Oxime-linked analogue of an
O-linked glycopeptide bearing the tetrasaccharide epitope sialyl Lewis x. (B) Thiosemicarbazone-linked analogue of an N-linked glycopeptide
bearing the core chitobiose motif. (C) Aminooxy glycoside-linked glycopeptide analogue with an intact pyranose generated from a free reducing
sugar. (D) Oxime-linked glycopeptide analogue with a C-glycosyl sugar.

require unnatural amino acid mutagenesis®® or expressed
protein ligation®® (vide infra) for larger proteins.

aminooxy functionality has also been installed at the
N-terminus of a peptide for coupling with free reducing

oligosaccharides.?® More recently, C-glycosides bearing
ketones or aldehydes have been chemoselectively ligated
to peptides adorned with aminooxy groups on amino acid
side chains (Figure 4D).3* The introduction of orthogonal
functionality such as ketone or aminooxy groups was
accomplished by SPPS for these small peptides but would

730 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 34, NO. 9, 2001

Synthetically difficult glycosidic linkages within the
oligosaccharide portion of glycoproteins might be ideal
sites for chemoselective linkage substitution. We have
applied this strategy in the chemoselective synthesis of
O-linked glycopeptide mimetics that retain the native
sugar—peptide linkage®” but instead possess unnatural
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FIGURE 5. Syntheses of glycopeptide mimetics that substitute glycosidic linkages with chemoselective linkages. (A) Aldehydes can be
generated at the C-6 position of GaINAc using the enzyme galactose oxidase. Coupling with aminooxy sugars produces oxime-linked products.
(B) Introduction of 1 into SPPS, followed by reductive acetylation of the azide and deprotection, produces glycopeptides with pendant
3-thioGalNAc residues. Selective alkylation of the thiol extends the glycan with a chemoselective linkage rather than a glycosidic linkage at

that position. DNP = dinitrophenyl.

bonds at the branch points (C-6 and C-3) of the core
GalNAc residue (Figure 5). Using protected GalNAc-Thr,
now commercially available, as a building block in SPPS,
simple glycopeptides bearing single GalNAc residues can
be readily generated. Selective oxidation of these glyco-
peptides using commercially available galactose oxidase
converted the C-6 hydroxyl group of GalNAc to the
corresponding aldehyde. Chemoselective ligation with
aminoxy-functionalized oligosaccharides produced higher
order glycans through an unnatural oxime linkage (Figure
5A).%8 To introduce an orthogonal branching point at C-3
of GalNAc-Thr, we have recently designed and synthesized
glycosylated amino acid 1, which contains a protected
sulfhydryl group in place of the C-3 hydroxyl group of
GalNAc (Figure 5B).%° Following incorporation of 1 into a
glycopeptide by SPPS, the deprotected sulfhydryl group
was selectively elaborated with a-haloacetamido sugars.

These two orthogonal ligation reactions could poten-
tially be used for tamdem coupling of aminooxy and
a-haloacetamido sugars to a bis-functionalized core Gal-
NAc residue bearing a C-6 aldehyde and C-3 thiol,
allowing the one-pot assembly of complex glycopeptide
mimics. The process of constructing these glycosidic
linkage-substituted mimetics is considerably more facile
than the process required for the corresponding native
glycopeptides. The price one pays for synthetic facility is
the presence of unnatural linkages that may perturb the
three-dimensional structure of the oligosaccharide, and
perhaps its molecular recognition activity. How these
unnatural glycans compare to their native counterparts
at the structural level is a topic of current investigation.

Sil]nth_esis of Glycoproteins Using Native
Chemical Ligation

Even without bound oligosaccharides, the linear, stepwise
synthesis of proteins becomes intractable when their size
exceeds 50—60 residues. The majority of proteins and
glycoproteins of biological interest are considerably larger.
The transition from glycopeptides to glycoproteins has
been addressed by using commercially available glycosi-
dases and proteases to digest heterogeneous glycopro-
teins, which can then be reassembled with peptidyl ligases
and glycosyltransferases to regenerate homogeneous gly-
coproteins.* Unfortunately, this approach is not general
due to the limited availability and restricted substrate
specificity of the required enzymes.

Recent developments in the field of protein chemistry
have now made the chemical synthesis of larger proteins
achievable. In particular, the technique of “native chemi-
cal ligation” developed by the laboratories of Kent and
Tam?* permits the convergent coupling of unprotected
peptide fragments to generate proteins over 100 residues
in length. One peptide fragment possesses a C-terminal
thioester, and the other fragment bears an N-terminal
cysteine residue; their selective and reversible transthioes-
terification reaction is followed by an irreversible rear-
rangement that forms an amide bond at the site of ligation
(Figure 2H). The requirement of a Cys residue at the
ligation site limits the position within a protein for
retrosynthetic disconnection. If the protein of interest does
not have any Cys residues, a mutation to Cys must be
made to allow its synthesis by native chemical ligation.
The development of conditions for desulfurization of
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(C) Semisynthesis of a mucin glycoprotein by expressed protein ligation. A recombinant protein thioester fragment expressed as an intein

fusion was ligated to a synthetic mucin glycopeptide.

proteins has allowed the transformation of Cys into Ala
after ligation, which may circumvent any deleterious
effects of introducing Cys into a protein.** However, this
strategy cannot be applied in the presence of additional
Cys or Met residues elsewhere in the protein.

Just as it transformed the field of protein synthesis, so
has the native chemical ligation technique impacted
glycoprotein research. Indeed, several full-length, func-
tional glycoproteins have now been assembled from
synthetic glycopeptide and peptide fragments. We have
applied this methodology in the total chemical synthesis
of homogeneously glycosylated lymphotactin (Lptn) in
order to study the effect of glycosylation on the structure
of an unusual C-terminal mucin domain (Figure 6A).%?

The synthesis of C-terminal peptide—“thioesters was
initially developed using Boc-based SPPS; the basic re-
agents of Fmoc-based SPPS were incompatible with the
C-terminal thioester linkers used to anchor the peptide
to solid support. Due to acid-lability of O-linked glycosidic
linkages, Fmoc-based SPPS is generally used for the
synthesis of O-linked glycopeptides. Thus, glycosylation
and thioesterification may be in conflict with each other.
In the case of Lptn, the mucin domain resides in the
C-terminal rather than the N-terminal fragment. Conse-
quently, the N-terminal peptide—*thioester fragment could
be generated in the traditional Boc-based manner, while
the glycosylated C-terminal fragment was synthesized
using Fmoc-based SPPS. However, some glycoproteins
possess glycans near the N-terminus, and their synthesis
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using native chemical ligation would require access to
glycopeptide—*thioesters. To address this problem, we
have employed Ellman’s modification of Kenner’s “safety
catch-linker”* to generate C-terminal thioesters using
Fmoc-based SPPS, which is compatible with the presence
of glycosidic linkages. This breakthrough enabled the total
chemical synthesis of biologically active diptericin, an
antimicrobial glycoprotein with O-linked glycosylation
sites throughout the protein (Figure 6B).*

Synthesis of Large Glycoproteins by Expressed
Protein Ligation

The application of native chemical ligation to glycoprotein
engineering has allowed access to significant amounts of
homogeneous glycoproteins of moderate size (around 100
amino acids in length), but many larger glycoproteins in
nature are still not accessible. The development of “ex-
pressed protein ligation” has allowed the union of recom-
binant protein expression with peptides generated by
SPPS.3645 Expressed protein ligation utilizes commercially
available protein expression systems that produce recom-
binant proteins with C-terminal protein—¢thioesters as a
result of intein-mediated protein splicing.*® Recombinant
proteins with C-terminal thioesters can be ligated to other
proteins or peptides with N-terminal cysteine residues.
This technique has revolutionized protein engineering and
presents an opportunity for generating large homoge-
neous glycoproteins through semisynthesis. Recently,
Wong and co-workers demonstrated that modified N-
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terminal cysteine peptides could be ligated to recombi-
nantly expressed maltose binding protein with a C-ter-
minal thioester.” Our group has exploited expressed
protein ligation in the semisynthesis of homogeneous
O-linked mucin-type glycoproteins (Figure 6C).*¢ These
new developments in glycoprotein synthesis and semi-
synthesis will undoubtedly dissolve the barriers for ob-
taining sufficient quantities of homogeneous glycoproteins
for structural and functional studies.

Metabolic Engineering of Cell Surface
Oligosaccharides

The increasing molecular complexity from prokaryotes to
higher eukaryotes has required cells to evolve new mech-
anisms to thrive in a multicellular environment. As
complex and heterogeneous biopolymers, oligosaccha-
rides on secreted and cell surface glycoconjugates are well-
suited to present and receive enormous amounts of
information from the environment. However, the complex
and heterogeneous nature of glycoconjugates presents
tremendous challenges for scientists who aim to under-
stand the precise mechanisms by which cells com-
municate with each other and the extracellular matrix. In
an effort to generate cell surfaces with chemically defined
glycoforms, our group has exploited the unnatural sub-
strate tolerance exhibited by some carbohydrate biosyn-
thetic enzymes. Unnatural monosaccharides bearing pen-
dant orthogonal functional groups can be metabolized by
cells and incorporated into cell surface glycoconjugates,

where the functional groups can then engage in chemose-
lective ligation reactions (Figure 7).*° For example, N-
levulinoylmannosamine (ManLev), an unnatural variant
of N-acetylmannosamine (ManNAc), is converted to the
corresponding unnatural sialic acid (N-levulinoyl sialic
acid or SiaLev) on the surface of human cells (Figure 7A).%°
The ketone group within the levulinoyl side chain serves
as a unique chemical handle for reaction with comple-
mentary nucleophiles. This metabolic cell surface engi-
neering technique enabled the remodeling of cells with
alternative glycoforms,5* such as the o-Gal xenograph
transplant antigen (Figure 7B).52 The technology has also
been applied to the selective targeting of toxins®® and
diagnostic agents®® to tumor cells, facilitated retroviral
gene transfer,> modulated cell surface immunoreactivity,*
and allowed selections of mammalian cells to uncover
defects in carbohydrate biosynthetic pathways relevant to
human disease.>® While the sialic acid biosynthetic path-
way tolerates a number of unnatural ManNAc analogues,
we have shown that the amide functionality of ManNAc
is essential for metabolic transformation and that there
are limitations to the length and steric bulk of unnatural
substituents tolerated at the N-acyl position.%’

Our interest in performing chemical reactions in a
cellular environment has led to the development of a new
chemoselective ligation reaction based on the classic
Staudinger reaction (Figures 21 and 8).58 This “Staudinger
ligation” proceeds by reaction of a modified triarylphos-
phine with an alkyl (or aryl) azide to form an intermediate
aza-ylide, which undergoes an intramolecular cyclization

VOL. 34, NO. 9, 2001 / ACCOUNTS OF CHEMICAL RESEARCH 733



Chemoselective Approaches to Glycoprotein Assembly Hang and Bertozzi

A Staudinger Ligation
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FIGURE 8. Cell surface remodeling using a new chemoselective
ligation reaction called the Staudinger ligation. (A) The Staudinger
ligation proceeds by the reaction of modified triphenylphosphine
analogues with azides to form initially an aza-ylide intermediate. This
reacts rapidly in an intramolecular sense to produce, after hydrolysis,
an amide-linked product. The reaction is orthogonal to the complex
functionality of the cell surface. (B) Azides are delivered to cell
surface glycoproteins via the sialic acid biosynthetic pathway. (C)
A “traceless Staudinger ligation” produces a simple amide bond
between the two coupling partners. Applications to native chemical
ligation of peptide fragments at sites other than cysteine may be
possible.

onto the adjacent methyl ester to yield a new amide bond
and oxidized phosphine upon hydrolysis (Figure 8A).
Using the Staudinger ligation, we have recently demon-
strated that N-azidoacetylmannosamine (ManNAz) was
metabolically converted to the corresponding sialic acid
and incorporated into cell surface glycoconjugates (Figure
8B); the azide was available on the cell surface for
Staudinger ligation with exogenous reagents. The presen-
tation of ketones and azides on cell surfaces provides two
orthogonal means of chemically remodeling glycoproteins
within their native biological context.
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FIGURE 9. Metabolic incorporation of 2-KetoGal, an isosteric
analogue of GalNAc, into O-linked glycoproteins on cell surfaces.
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FIGURE 10. Application of 2-KetoGal metabolism to “posttransla-
tional glycoprotein engineering”. Overexpression of O-linked glyco-
proteins in the presence of 2-KetoGal is expected to produce material
bearing the unnatural sugar at the core position (i.e., proximal to
the polypeptide). The ketone group can be exploited for chemose-
lective elaboration with chemically defined oligosaccharides, gen-
erating homogeneous complex glycans on a recombinant protein.

The adduct formed by the Staudinger ligation includes
a rather abiotic triarylphosphine oxide which we sought
to eliminate for future biological applications. Thus, a
second-generation variant of the Staudinger ligation was
developed to generate a simple amide bond from azide
and phosphine reagents. Termed the “traceless” Staudinger
ligation (Figures 2J and 8C), the reaction utilizes phos-
phines bearing a transferable acyl group. Reaction with
azides generates, after rearrangement of the intermediate
aza-ylide and hydrolysis, the amide-linked product and a
liberated phosphine oxide. Preliminary results from our
laboratory®® and Raines’s laboratory®® using a variety of
acyl phosphines appear promising for application of the
traceless Staudinger ligation to peptide couplings as well
as cell surface modification.

The remarkable promiscuity exhibited by the enzymes
of sialic acid biosynthesis prompted us to explore the
unnatural substrate tolerance of other carbohydrate bio-
synthetic pathways. In particular, the 2-N-acetamido
sugars present in many glycoconjugates seemed abundant
targets for metabolic replacement with unnatural, chemi-
cally functionalized variants. We synthesized C-2 ketone
isosteres as mimics of 2-N-acetamidosugars and evalu-
ated their metabolism in a variety of mammalian cell lines
that possess different levels of N- and O-linked glycosy-
lation.®* The C-2 ketone isostere of GalNAc (2-KetoGal,
Figure 9) was incorporated via the GalNAc salvage path-
way into O-linked glycoproteins and proteoglycans on the
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surface of Chinese hamster ovary (CHO) cells. 2-KetoGal
replaces the core GalNAc residue attached to serine or
threonine residues at sites of O-linked glycosylation. Its
residence therein provides a mechanism to build well-
defined glycoforms from the “bottom up”, rather than
adding oligosaccharide structures to the periphery of the
glycocalyx as transpires when unnatural sialosides present
the chemical handle for chemoselective ligation.

Future Directions

The coalescence of techniques for chemoselective glyco-
protein engineering with those of metabolic engineering
should provide novel routes to homogeneous glycopro-
teins. For example, highly productive techniques for
incorporating unnatural amino acids into proteins in
vivo®? may be adopted to install keto- or azido-amino acids
into proteins for chemoselective attachment of oligosac-
charides. An alternative approach which we term “post-
translational glycoprotein engineering” utilizes recombi-
nant glycoproteins overrexpressed in the presence of
unnatural metabolic substrates. If these substrates, like
2-KetoGal, are incorporated into core positions on the
protein, their chemical handles can be elaborated with
defined oligosaccharides to afford homogeneous glyco-
protein mimetics bearing complex glycan structures (Fig-
ure 10).

Conclusions

Chemoselective approaches to glycoprotein assembly have
provided access to sufficient quantities of homogeneous
glycoproteins and glycoprotein mimetics for structural and
biological studies. They are likely to impact our molecular
understanding of how specific glycoprotein isoforms
mediate physiological and pathological events. Further-
more, these methods may allow, for the first time, the
production of homogeneous glycoproteins for biotech-
nology and pharmaceutical applications.
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